Abstract-A solid-state reference waveform filter has been developed which uses the Maxwell-Wagner capacitor effect. This filter is realized in a stripline configuration with a lossy dielectric consisting of a thick (5-,um) layer of SiO2 on Si. The equivalent circuit of this filter is equivalent to that for previously developed filters which used a lossy liquid dielectric. A preliminary design has been completed and a filter fabricated for which the design characteristic impedance, 38 Q, and transition duration (rise time), 300 ps, agree with measured values to within 2 and 17 percent, respectively. The temperature dependence of the filter transition duration has been estimated from the temperature dependence of the filter conductance to be about 1 percent/0 C.
INTRODUCTION
A TIME waveform history of various phenomena may L now be acquired with much greater precision and convenience than ever before. This is due in large part to the inexpensive and convenient signal handling capability of microprocessors.
The question remains as to what degree this precision represents the truth. To help resolve such questions the National Bureau of Standards (NBS) has been charged with the responsibilities to 1) develop accurate measurement standards with which other measurements can be compared, and 2) encourage the use of standard measurement procedures.
Some of the basic standards developed by NBS include the second for time measurement, the meter for length measurement, and the volt for potential difference measurement. Standards which are derived from these basic quantities are now being developed for use in recording the time history of electrical waveforms. Two basic approaches have been used. The first method models the distortion caused by some measurement system and then removes it mathematically (deconvolves) to obtain an estimate of the true waveform [1] . The second method models the output waveform of a waveform generator Whose output is applied to the measurement system; the measurement system's response is then compared to the predicted available waveform of the generator [2] . The One of the more popular waveforms used in testing waveform recording devices is a steplike waveform (which makes a transition from an initial level to a final one) since it provides a more complete system characterization than some other commonly used waveforms. The time it takes for a steplike waveform to go from 10 percent of the transition to 90 percent is called the transition duration or rise time. (Note this parameter has meaning only when dealing with steplike waveforms.) Over the years NBS has developed a set of transition duration standards which consist of lossy filters excited by fast step generators (tunnel diodes).
In the nanosecond and picosecond regions of the time domain, reflectionless (constant impedance) filters for waveform shaping cannot be built using discrete circuit elements. Distributed circuit elements must be used to avoid reflections and their effects on impedance and the resultant transmitted waveforms [2] . The present waveshaping filters employed by NBS in the NBS reference waveform generators [2]- [4] use distributed elements comprised of polarliquid filled coaxial transmission lines approximately 24 cm in length. The resultant waveshaping is due to the Debye relaxation phenomena in the dilute polar solutions which serve as the dielectrics in the coaxial transmission lines. The present set of filters provide three steplike resultant waveforms having 50-, 100-, and 200-ps transition-durations.
The simple geometry makes it possible to develop an accurate model of the filter transient response. In addition, the waveform generator output is independent of the input excitation if the input excitation has a much shorter transition duration than that of the filter step response. The case where the input excitation is not fast enough is discussed elsewhere [5] . With To cover this extended range a new waveshaping filter has been developed which contains solid dielectric layers in a microstrip transmission line structure [6] . The filter size is much smaller than the liquid dielectric filters and can be fabricated as an integrated semiconductor circuit miaking it a very suitable candidate for portable standards covering the extended ranges, and also for improving the present standards in the tens to hundreds of picoseconds region. This new fillter uses the Maxwell-Wagner two-layer dielectric capacitor concept [7] and is shown schematically in Fig. 2 .
THEORY
The equivalent circuit for the Maxwell-Wagner Capacitor stripline filter, assuming planar skin effect, is given in Fig. 3 and is similar to that for the liquid dielectric lines. In the layered dielectric, subscript 1 refers to the silicon dioxide dielectric and subscript 2 refers to the silicon dielectric. The characteristic impedance ZO (jw) is given by Zo(jw) = NfZ(Mj)/Y(jc) (1) where Z(jo) is the distributed series impedance per unit length and Y(jw) is the distributed shunt admittance per unit length. The propagation constant y(jc) is given by
Since a(co) is the real part of the propagation constant, it will determine the filter dispersion while the imaginary part 3(co) will determine the phase shift or time delay. Let us waveform as measured on the NBS automatic pulse-measurement system (APMS) [9] is given in Fig. 9 . For our prototype filter (18) From the measurements described earlier, t, and Ro of the prototype filter are found to be 362 ps and 40 Q, respectively. This compares favorably with the modeled values and provides a promising confirmation of the theoretical development of the filter model. Note that the filter corner frequency, the point where the response is 3-dB down, occurs at 780 MHz in good agreement with a measurement of S21 made with the APMS for which the 3-dB point is at 800 MHz. Due to its Gaussian nature, the filter response will decay an additional 13 dB before the 2-GHz limit of our approximation region is reached and an additional 135 dB at the frequency where G2 is comparable to wC1. Therefore, the approximation should yield good results.
Low-frequency measurements have also been made of L and C1 from 10 kHz to 10 MHz which yield IC1 = 21.7 pF or Cl = 472 pF/m pF/m and 7.14 X 10-7 H/m.
TEMPERATURE DEPENDENCE
In order for this filter to be useful in producing precision reference waveforms, an accurate account must be made of any temperature dependence. According to (16), for the transition duration of the filter, the temperature dependence of the transition duration is primarily determined by the effect of temperature on the capacitance and conductance of the silicon layer (assuming negligible change of line length and line inductance with temperature).
To measure the capacitance and conductance as a function of temperature, a capacitance bridge was used, as shown in Fig. 11 . An oven controlled the temperature and a thermocouple attached to the base plate of the filter measured the temperature. As resistance measurements were also necessary, a voltage source and a known resistance were put in series with the filter, as shown in Fig. 12, and The 1300-and 5242 resistors in parallel create the 5042 termination for the stripline.
In determining the dependence of conductance on temperature, it was necessary to measure the effect of temperature on the aluminum and contact resistance. To do this, the resistors on the filter of Fig. 13 were replaced with a short. The fllter was placed in the oven and the resistance was measured using the circuit of Fig. 10 at temperatures near room temperature. The readings were taken at 20 V with a reference resistance of 577 2. With the short disconnected from the filter this same circuit was then used to measure the temperature dependence of the silicon conductance and capacitance. The bridge voltage was 10 V at 100 kHz.
To obtain small changes in temperature around room temperature, the oven blower only was turned on. After the oven reached the maximum desired temperature, the blower was turned off and, as the oven cavity cooled, a second set of measurements was taken. The later measurements took longer but allowed the temperature to stabilize before Fig. 11 , the conductances seen by the bridge are of the order of 0.04-4S range. For the second mount, the conductances are around 0.01 pS. Series resistance has the effect of increasing the observed shunt conductance. The coaxial lines can roll when connecting and disconnecting the connectors, weakening the contact and increasing the resistance with the result that the resistance is greater in the coaxial line filter mount. For this reason, the measurements of the filter on the mount with the coaxial lines were considered unrepresentative of the filter's characteristics and were disregarded, while the measurements made using the SMA connectors were used to determine the transition duration temperature dependence.
Because the temperature coefficient of the capacitance is less than 0.01 percent/°C and the temperature dependence of the aluminum and contact resistance is 0.34 percent/°C compared to 2.9 percent/°C for the conductance, the transition duration temperature dependence is primarily determined by the temperature dependence of the conductance.
Using the measured values of line length, inductance, capacitance, conductance and temperature dependence of conductance, the temperature dependence of the filter transition duration was estimated to be 1 percent/0C. This is approximately the same as the temperature coefficient of the liquid dielectric waveform filters [10] .
SUMMARY
A solid-state waveform filter with a lossy, two-layer dielectric has been constructed using silicon dioxide on silicon. A model has been developed and used to calculate the microstrip characteristic impedance and to generate a reference waveform. These modeled values have been compared with preliminary measured values using time domain reflectometry and the APMS, and have been found to agree to within about 2 percent for impedance and 17 percent for transition duration. In addition the temperature dependence of the filter transition duration has been estimated to be about 1 percent/'C. 
